All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Spermatogenesis is a complex developmental process by which diploid spermatogonia generate haploid spermatozoa through a series of cyclic and highly coordinated events known as spermatocytogenesis, meiosis, spermiogenesis, and spermiation \[[@pone.0139240.ref001]\]. Each step is fundamental since defects that occur in any one of them can result in the failure of the entire process, leading to the production of defective spermatozoa and a reduction or absence of sperm production \[[@pone.0139240.ref002]\]. In amniotes (i.e. reptiles, birds, and mammals), spermatogenesis occurs in seminiferous tubules which possess a permanent population of Sertoli cells and spermatogonia (reviewed by \[[@pone.0139240.ref003]\]). Whereas spermatogonia act as a reservoir for the succeeding bouts of spermatogenic activity \[[@pone.0139240.ref003]\], Sertoli cells have the role of supporting, nursing, and regulating germ-cell function, permitting them to migrate from basal to apical positions as spermatogenesis proceeds \[[@pone.0139240.ref004]\]. Sertoli cells play a central role in the development of a functional testis because without their physical and metabolic support, germ-cell differentiation, meiosis, and transformation into spermatozoa would not occur \[[@pone.0139240.ref005], [@pone.0139240.ref006]\]. In the adult male, Sertoli cells determine testis size and daily sperm production \[[@pone.0139240.ref006], [@pone.0139240.ref007]\], but they may also account for the intra-male variation in sperm size \[[@pone.0139240.ref008]\]. Recently, Rajak *et al*. \[[@pone.0139240.ref009]\] found that, in adult bulls, the Sertoli cell index was positively associated with ejaculate sperm concentration, mass activity, individual motility, viability, and membrane integrity. Nevertheless, the relationship between the Sertoli cell traits and sperm quality has so far received no empirical testing in seasonal breeders, although these are valuable models for the study of seasonal regulation of testis function \[[@pone.0139240.ref010]\].

Even though the links between the testicular morphology and sperm traits have been explored in comparative studies \[[@pone.0139240.ref011]--[@pone.0139240.ref014]\], little is known at the intra-specific level \[[@pone.0139240.ref009], [@pone.0139240.ref015]\], in spite of the major functional significance. Studies using intra-specific variation in testes investment are powerful and instructive also from an evolutionary perspective because they may reveal the underlying processes governing any observed inter-specific pattern \[[@pone.0139240.ref016]\]. Because both sperm quantity and quality are regulated by spermatogenesis, an understanding of this process provides useful insight into adaptations of, and constraints on, testicular function and sperm production, in relation to sperm competition \[[@pone.0139240.ref013]\]. What indeed makes a spermatozoon successful at fertilisation depends to a large extent on the features of the environment in which spermatozoa compete \[[@pone.0139240.ref017], [@pone.0139240.ref018]\], and also on the efficiency of the machinery by which it was produced.

Across the Cervidae family, red deer show considerable testes investment relative to their body size \[[@pone.0139240.ref019]\] and elaborate secondary sexual traits, which in turn are related to sperm production and quality \[[@pone.0139240.ref020]\]. Additionally, the short period of female sexual receptivity (usually no more than 24 h) and to some extent female promiscuity \[[@pone.0139240.ref021]\], are likely to impose an intense competition on males, which results in a large degree of male fertility \[[@pone.0139240.ref022]\]. The investment in spermatogenesis is therefore expected to be high and diverse among red deer males.

In red deer from the southern Iberian Peninsula, the breeding season lasts from September to December \[[@pone.0139240.ref020]\] (and references therein). During this phase, red deer show the highest values for Sertoli cell number and spermatogenic competence \[[@pone.0139240.ref023]\], together with the greatest testis size and sperm quality \[[@pone.0139240.ref024]\]. Due to the fact that the Sertoli cell number decreases across the breeding and non-breeding seasons \[[@pone.0139240.ref023]\], we hypothesised that changes in the Sertoli cell number directly translate into variation in testis mass and sperm quality. To test our hypothesis, we collected data from natural populations of Iberian red deer across the breeding and non-breeding seasons. The annual cycle of testicular involution and recrudescence makes deer valuable models in which to study the basic mechanisms for the regulation of gonadal function \[[@pone.0139240.ref010], [@pone.0139240.ref015]\]. On the other hand, a comprehensive approach that simultaneously considers the machinery, products, and scheduling of spermatogenesis will be crucial to more fully understand the evolution of the most fundamental of male reproductive traits \[[@pone.0139240.ref025]\]. Therefore, the aims of this study were i) to quantify the inter-male variation of testicular and sperm traits, and ii) to assess the links between the Sertoli cell traits, spermatogenic competence, testis size, and sperm parameters across different phases of the reproductive cycle. Spermatogenesis is a costly process, and we predicted that the Sertoli cell number and spermatogenic competence maximise sperm quantity and quality during the breeding season, when sperm demand and the chances for mating success are expected to be maximal.

Materials and Methods {#sec002}
=====================

This study was approved by the "Comité de Ética en Investigación de la Universidad de Castilla-La Mancha". All animals were handled in accordance with Spanish Animal Protection Regulation RD53/2013, which conforms to the European Union Regulation 2003/65/CE. Stags were legally hunted in their natural habitat in accordance with the harvest plan of the game reserve. The harvest plans were made in accordance with Spanish Harvest Regulation, Law 2/93 of Castilla-La Mancha, which conforms to the European Union regulations. Landowners and managers of the red deer populations gave permission to the authors to use the samples.

Chemicals and solutions {#sec003}
-----------------------

All of the reagents were purchased from Sigma-Aldrich (Madrid, Spain), unless otherwise indicated.

A Salomon's modified extender Fraction A contained: Tris (2.70%, w/v), fructose (1%, w/v), citric acid (1.4%, w/v), and clarified egg yolk (20%, v/v) (pH 6.8, osmolality 300 mOsm/Kg) \[[@pone.0139240.ref026]\]. Bovine gamete medium (BGM-3) was composed of 87 mmol/L NaCl, 3.1 mmol/L KCl, 2 mmol/L CaCl~2~, 0.4 mmol/L MgCl~2~, 0.3 mmol/L NaH~2~PO~4~, 40 mmol/L HEPES, 21.6 mmol/L sodium lactate, 1 mmol/L sodium pyruvate, 50 μg/mL kanamicine, 10 μg/mL phenol red, and 6 mg/mL BSA (Bovine Serum Albumine) (pH 7.5), as previously described \[[@pone.0139240.ref027]\].

Data collection {#sec004}
---------------

Samples were collected from 47 red deer *(Cervus elaphus)* stags (age \>4.5 years) culled from November 2010 to February 2011 in southern Spain. Samples could not be collected during the remainder of the year because those times were beyond the hunting season for this species. Testes, within the scrotal sac, were cut with a knife and transported to the laboratory in a plastic bag at ambient temperature. Samples were processed between 4 and 8 h after the death of the animals, a time lapse during which epididymal sperm characteristics do not change significantly \[[@pone.0139240.ref028]\]. In order to examine the dynamics of spermatogenesis and sperm traits throughout the breeding and non-breeding seasons, the samples were divided into three groups, as previously reported \[[@pone.0139240.ref023]\]: the breeding season group (BS; from late November to late December, *n* = 17), the post-breeding season group (PB; from early January to early February, *n* = 16), and the non-breeding season group (NB; late February, *n* = 14). Part of the dataset used in this study concerning testis mass and testicular parameters was exploited and published in our previous study \[[@pone.0139240.ref023]\] to examine the agreement between testicular histology and fine needle aspiration cytology (FNAC) and the seasonal variation of the spermatogenic and the Sertoli cell number in red deer.

Assessment of testis mass and spermatogenic competence {#sec005}
------------------------------------------------------

Testis mass was recorded to the nearest 0.01 g using an electronic balance (EK-400H balance; A&D Co., Tokyo, Japan) after removing the epididymis and the spermatic cord with a surgical blade. Testis mass was not controlled for by allometry because male body condition declines during the rutting season \[[@pone.0139240.ref019]\]. Moreover, in species with alternative reproductive tactics, such as the red deer (e.g. harem-defence or sneaking tactics; \[[@pone.0139240.ref019]\]), relative testis mass varies according to the mating tactic employed (reviewed by \[[@pone.0139240.ref029]\]).

Testicular histology and cytology were performed as described previously \[[@pone.0139240.ref023]\]. Briefly, cytological samples were collected using the FNAC technique and stained with Hemacolor® (Merck, Darmstadt, Germany). The smears were examined under oil immersion at 1000X magnification using light microscopy (Nikon Eclipse 80i; Nikon, Kanagawa, Japan). In order to perform a quantitative assessment of spermatogenesis, at least 200 spermatogenic and Sertoli cells were evaluated per testis ([Fig 1](#pone.0139240.g001){ref-type="fig"}). Then, six cytological indices were determined as follows: i) the Sertoli cell index (SEI), which is the percentage of Sertoli cells per 100 spermatogenic cells, and estimates the Sertoli cell number ii) the spermatic index (SI), which is the percentage of spermatozoa per 100 spermatogenic cells, and estimates sperm production; iii) the meiotic index (MI), which is the ratio of round spermatids to primary spermatocytes, and estimates the meiotic germ loss; iv) the ratio of elongated spermatids to round spermatids (ES/RS), which estimates the post-meiotic germ loss; v) the ratio of elongated spermatids to total germ cells (ES/GC), which estimates the overall germ loss and the efficiency of spermatogenesis; and vi) the ratio of round spermatids to Sertoli cells (RS/SC), which estimates the Sertoli cell efficiency \[[@pone.0139240.ref013], [@pone.0139240.ref023], [@pone.0139240.ref030], [@pone.0139240.ref031]\]. In addition, one fragment of testicular tissue (\~1 cm^3^) was fixed in modified Davidson's fixative solution for 24--48 h, then stored in an ethanol:water solution (70:30 v/v) until analysis \[[@pone.0139240.ref032], [@pone.0139240.ref033]\]. The samples were then embedded in paraffin, cut into 4 μm sections and stained with haematoxylin and eosin (H&E). Two histological indices were evaluated: Johnsen score (*N* = 26: in the BS group *n* = 11, in the PB group *n* = 7, and in the NB group *n* = 8, respectively) and the Sertoli cell number per tubular cross-section (SC/TCS; *N* = 15: in the BS group *n* = 5, in the PB group *n* = 3, and in the NB group *n* = 7, respectively), which estimate the spermatogenic activity and the Sertoli cell number, respectively \[[@pone.0139240.ref023], [@pone.0139240.ref034]\]. The Johnsen score and the Sertoli cell number per tubular cross-section were evaluated at 500X magnification using light microscopy on 50 and 10 roundish randomly selected tubular cross-sections per testis, respectively. The Johnsen score was assessed by giving to each tubular section a score from 10 to 1, according to the presence or absence of the main cell types arranged in the order of maturity using the method described by Johnsen \[[@pone.0139240.ref034]\], as shown by Pintus *et al*. \[[@pone.0139240.ref023]\] ([Fig 2](#pone.0139240.g002){ref-type="fig"}). A smaller subset of the samples was available for histological evaluations, because the time lag between the death of an animal and the fixation of the testes negatively affects the quality of some samples. Therefore, unsuitable samples were excluded from the analysis.

![Testicular germ cells and Sertoli cells from red deer.\
A-B) Sc: Sertoli cells; Sg: spermatogonia; SpI: primary spermatocytes; Rs: round spermatids; Es: elongated spermatids; Sz: spermatozoa.](pone.0139240.g001){#pone.0139240.g001}

![Testicular histology and Johnsen score of red deer.\
A-B) Sc: Johnsen score.](pone.0139240.g002){#pone.0139240.g002}

Because no differences were found between the right and left testes in any of the testicular parameters evaluated ([S1 Table](#pone.0139240.s004){ref-type="supplementary-material"}), testis mass and the spermatogenic parameters were calculated by averaging the values from the left and right testes for each individual. All histological and cytological analyses were performed by a single trained examiner (EP).

Sperm analysis {#sec006}
--------------

Spermatozoa were collected from the epididymal cauda by repeated longitudinal and transverse cuts and placed in 0.5 mL Salamon's modified extender Fraction A \[[@pone.0139240.ref026]\]. Sperm from both epididymides were pooled because previous studies demonstrated no differences between them \[[@pone.0139240.ref035]\]. After the assessment of sperm concentration using a Bürker chamber, the samples were diluted down to 25--30\*10^6^ spz/mL and incubated at 37°C for 10 min in order to evaluate sperm motility both subjectively and by a CASA (Computer Assisted Sperm Analysis) system. A pre-warmed Makler (Sefi Medical Instruments, Haifa, Israel) chamber was loaded with 5 μL of sample. For each sample, we subjectively assessed the percentage of individual motile sperm and the quality of motility using a scale from 0 (lowest: immotile or death) to 5 (highest: progressive and vigorous movements). The sperm motility index (SMI) was calculated according to the formula reported previously \[[@pone.0139240.ref036]\]. Sperm kinetics was assessed by the CASA system composed of an optical phase contrast microscope (Nikon Eclipse 80i, Nikon, Kanagawa, Japan), equipped with negative phase contrast objectives and a warming stage at 37°C, a Basler A302fs camera (Basler Vision Technologies, Ahrensburg, Germany), and a PC with the Sperm Class Analyzer software (SCA2002: Microptic, Barcelona, Spain). The software standard settings were adjusted for deer spermatozoa as follows: 25 frames/s; 20 to 90 μm^2^ for the head area; and VCL \>10 μm/s in order to classify a spermatozoon as motile. A total of three kinetic parameters were recorded: average-path velocity (VAP, μm/s), curvilinear velocity (VCL, μm/s), and straight-line velocity (VSL, μm/s). A minimum of 250 sperm per sample were recorded and analysed.

Sperm viability and mitochondrial activity were evaluated as described previously \[[@pone.0139240.ref027]\]. Briefly, the samples were diluted to a concentration of 10^6^ spermatozoa/mL in BGM-3 solution and stained using three fluorophores. Sperm viability was assessed with 0.1 μmol/L YO-PRO-1 (Invitrogen, Barcelona, Spain) and 10 μmol/L propidium iodide (PI), whereas mitochondrial activity was assessed with 0.1 μmol/L Mitotracker Deep Red. After 20 min of incubation in the dark, the samples were run through a flow cytometer Cytomics FC500 (Beckman Coulter, Brea, CA, USA) furnished with a 488-nm Ar-Ion laser (excitation for YO-PRO-1 and PI), and a 633-nm He-Ne laser (excitation for Mitotracker Deep Red). The FSC (forward-scattered light) and SSC (side-scattered light) signals were used to gate out debris (non-sperm events). Fluorescence from YO-PRO-1 was read using a 525/25BP filter, PI was read using a 615DSP filter, and Mitotracker Deep Red was read using a 675/40BP filter. Fluorescence captures were controlled using the RXP software provided with the cytometer. All of the parameters were read using logarithmic amplification. For each sample, 5000 spermatozoa were recorded, saving the data in flow cytometry standard (FCS) v. 2 files. The analysis of the flow cytometry data was carried out using WEASEL v. 2.6 (WEHI, Melbourne, Victoria, Australia).

The morphology of 200 spermatozoa per animal was assessed to determine the percentage of normal sperm. Spermatozoa were stained with Panoptic (Panreac Quimica SA, Barcelona, Spain) and evaluated at 400X magnification using light microscopy. Sperm morphology was evaluated by a single trained examiner (JLRS).

Statistical analysis {#sec007}
--------------------

All statistical analyses were performed using SPSS 20.0 (SPSS Inc, Chicago, IL, USA). The Kolmogorov-Smirnov and Levene's tests were used to check data normality and homogeneity of variance, respectively. A paired sample T-Test was used when the data were normally distributed, otherwise a Wilcoxon Signed Ranks test was used. One-way ANOVA was used to compare groups using a Tukey post-hoc test in the case of homogeneity of variance, otherwise a Games-Howell post-hoc test was used. A principal component analysis (PCA) was performed in order to reduce many variables to a smaller number of new derived variables which adequately summarized the original information \[[@pone.0139240.ref037]\]. Bartlett sphericity test and Keiser-Meyer-Olkin (KMO) were assessed as measures of sampling adequacy \[[@pone.0139240.ref038]\]. Components were rotated (varimax) using the Kaiser normalisation. One-tailed Pearson correlation test and regression analysis were used to assess the relationship between testis mass, spermatogenic competence, and sperm parameters. Each individual record represents an independent sample unit.

Results {#sec008}
=======

Testis mass, spermatogenic competence, and sperm parameters in red deer {#sec009}
-----------------------------------------------------------------------

[Table 1](#pone.0139240.t001){ref-type="table"} summarises the descriptive statistics of testis mass, spermatogenic indices, and sperm parameters from the 47 stags used in this study. The indices related to the Sertoli cell number and function were the testicular parameters showing the greatest variability between males, whereas the sperm production (SI) and spermatogenic activity (Johnsen score) showed the lowest variability ([Fig 3](#pone.0139240.g003){ref-type="fig"}). The same trend was also found for these parameters within the breeding season ([S2 Table](#pone.0139240.s005){ref-type="supplementary-material"}). Overall, the sperm parameters showed a coefficient of variation \<35% ([Fig 3](#pone.0139240.g003){ref-type="fig"}). Specifically, the percentage of normal and viable spermatozoa were the parameters showing the lowest coefficient of variation between males (CV \<20%; [Fig 3](#pone.0139240.g003){ref-type="fig"}).

![Coefficients of variation of testis mass, spermatogenic indices, and epididymal sperm parameters in red deer.\
SEI: Sertoli cell index; RS/SC: ratio of round spermatids to Sertoli cells; SC/TCS: Sertoli cell number per tubular cross-section; ES/RS: ratio of elongated spermatids to round spermatids; MI: meiotic index; VAP: average path velocity; VCL: curvilinear velocity; ES/GC: ratio of elongated spermatids to total germ cells; VSL: straight-line velocity; SMI: sperm motility index; SI: spermatic index; JS: Johnsen score.](pone.0139240.g003){#pone.0139240.g003}

10.1371/journal.pone.0139240.t001

###### Descriptive statistics of testis mass, spermatogenic competence, and epididymal sperm parameters in red deer.

![](pone.0139240.t001){#pone.0139240.t001g}

                            Mean±SD        Min-Max         *N*
  ------------------------- -------------- --------------- -----
  *Testicular parameters*                                  
  Testis mass (g)           37.50±10.86    18.36--62.33    47
  Johnsen score (0--10)     7.96±0.30      7.36--8.39      26
  SC/TCS                    4.43±2.79      1.80--10.40     15
  SEI (%)                   12.45±8.39     2.43--39.08     47
  SI (%)                    19.94±4.81     9.57--29.38     47
  MI                        2.38±0.83      1.22--6.61      47
  ES/RS                     0.52±0.21      0.17--1.19      47
  ES/GC                     0.20±0.06      0.08--0.38      47
  RS/SC                     4.66±3.07      1.03--17.54     47
  *Sperm parameters*                                       
  SMI (%)                   70.21±17.88    17.50--90.00    47
  VAP (μm/s)                80.49±26.13    9.88--124.43    47
  VCL (μm/s)                116.31±35.67   19.80--164.12   47
  VSL (μm/s)                40.70±11.69    5.77--61.52     47
  Viable sperm (%)          77.72±12.73    44.51--94.79    47
  Active mitochondria (%)   66.59±17.22    30.18--94.06    47
  Normal sperm (%)          82.35±8.43     62.67--96.67    47

SC/TCS: Sertoli cell number per tubular cross-section; SEI: Sertoli cell index; SI: spermatic index; MI: meiotic index; ES/RS: ratio of elongated spermatids to round spermatids; ES/GC: ratio of elongated spermatids to total germ cells; RS/SC: ratio of round spermatids to Sertoli cells; SMI: sperm motility index; VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity.

As expected, the testis mass, spermatogenic activity (Johnsen score), Sertoli cell number (both the SEI and the SC/TCS parameters), and sperm production (SI) were significantly higher during the breeding season than during the non-breeding season (*p* \<0.05 for all; [S3 Table](#pone.0139240.s006){ref-type="supplementary-material"}). On the other hand, higher indices of post-meiotic germ loss and spermatogenic efficiency (i.e. low ES/RS and ES/GC ratios, respectively) were found in the BS group than in the NB group (*p* \<0.05; [S3 Table](#pone.0139240.s006){ref-type="supplementary-material"}). All sperm parameters, except for the percentage of normal sperm, were significantly higher during the breeding season than in the PB and NB groups (*p* \<0.05; [S3 Table](#pone.0139240.s006){ref-type="supplementary-material"}). Although the percentage of normal sperm did not show any significant difference between the breeding and non-breeding seasons, there was a tendency to be greater during the former ([S3 Table](#pone.0139240.s006){ref-type="supplementary-material"}).

Correlation between testis mass and spermatogenic competence {#sec010}
------------------------------------------------------------

On the whole, we found that the testis mass was significantly associated with the Sertoli cell number (SC/TCS: r = 0.619, *p* = 0.007, *N* = 15 and SEI: r = 0.248, *p* = 0.047, *N* = 47; Figure A and Figure B in [S1 Fig](#pone.0139240.s001){ref-type="supplementary-material"}, respectively), spermatogenic activity (Johnsen score: r = 0.344, *p* = 0.043, *N* = 26; Figure C in [S1 Fig](#pone.0139240.s001){ref-type="supplementary-material"}), and post-meiotic germ loss (ES/RS ratio: r = -0.250, *p* = 0.045, *N* = 47; Figure D in [S1 Fig](#pone.0139240.s001){ref-type="supplementary-material"}), whereas no significant relationship was found with sperm production (SI, *p*\>0.05).

The Sertoli cell number per tubular cross section was also significantly associated with sperm production (SI: r = 0.600, *p* = 0.009, *N* = 15; [S2 Fig](#pone.0139240.s002){ref-type="supplementary-material"}), spermatogenic activity (Johnsen score: r = 0.690, *p* = 0.002, *N* = 15), and meiotic index (MI: r = 0.524, *p* = 0.023, *N* = 15). We also found that a high spermatogenic activity (Johnsen score) was significantly associated with high post-meiotic germ loss and spermatogenic efficiency (ES/RS, r = -0.359, *p* = 0.036, *N* = 26 and ES/GC, r = -0.355, *p* = 0.037, *N* = 26, respectively), and that a high spermatogenic efficiency (i.e. low ES/GC) was significantly correlated with a high sperm production (SI: r = -0.390, *p* = 0.003, *N* = 47).

Principal component analysis of sperm quality {#sec011}
---------------------------------------------

Principal component analysis rendered two components, which overall explained 84.227% of the total variance ([Table 2](#pone.0139240.t002){ref-type="table"}). The high value of the correlation matrix (KMO measure of sampling adequacy = 0.801) and the rejection of the Bartlett sphericity test (approx. chi-square = 366.077, *df* = 21, *p\<*0.001) showed the proper sampling adequacy. The first component (PC1) explained 69.862% of the total variance and accounted for sperm motility, kinetics, viability, and mitochondrial activity. The first component therefore explained sperm function. On the other hand, the second component (PC2) explained 14.365% of the total variance and only accounted for the percentage of normal sperm. Thus, the second component explained the normal sperm morphology ([Table 2](#pone.0139240.t002){ref-type="table"}).

10.1371/journal.pone.0139240.t002

###### Results of the principal component analysis (PCA) of epididymal sperm parameters in red deer (*N* = 47).

![](pone.0139240.t002){#pone.0139240.t002g}

  *Sperm parameters*       PC1      *p*           PC2      *p*
  ------------------------ -------- ------------- -------- -------------
  SMI                      0.943    **\<0.001**   0.143    0.169
  VAP                      0.941    **\<0.001**   0.210    0.078
  VCL                      0.958    **\<0.001**   0.139    0.176
  VSL                      0.912    **\<0.001**   0.213    0.075
  Viable sperm             0.821    **\<0.001**   0.087    0.282
  Active mitochondria      0.751    **\<0.001**   -0.233   0.057
  Normal sperm             0.110    0.230         0.965    **\<0.001**
  Eigenvalue               4.890                  1.006    
  Variance explained (%)   69.862                 14.365   

SMI: sperm motility index; VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity. The components were rotated (varimax) with Kaiser normalization.

Correlations between testis mass, spermatogenic competence, and sperm quality {#sec012}
-----------------------------------------------------------------------------

Overall sperm function (PC1) was positively associated with the Sertoli cell number (SC/TCS: r = 0.703, *p* = 0.002, *N* = 15 and SEI: r = 0.328, *p* = 0.012, *N* = 47; [Fig 4A and 4B](#pone.0139240.g004){ref-type="fig"}, respectively), spermatogenic activity (Johnsen score: r = 0.694, *p*\<0.001, *N* = 26; [Fig 4C](#pone.0139240.g004){ref-type="fig"}), and sperm production (SI: r = 0.384, *p* = 0.004, *N* = 47; [Fig 4D](#pone.0139240.g004){ref-type="fig"}). In particular, the Sertoli cell number per tubular cross-section, spermatogenic activity (Johnsen score), and sperm production (SI) were positively associated with the sperm motility index (SMI), sperm kinetics (i.e. VAP and VCL), and the percentages of viable sperm and active mitochondria (all *p* \<0.05; [Table 3](#pone.0139240.t003){ref-type="table"}). We also found that a high sperm function was associated with a high efficiency of spermatogenesis (i.e. low ES/GC ratio) and post-meiotic germ loss (i.e. low ES/RS ratio), although the latter was not statistically significant (r = -0.309, *p* = 0.017, *N* = 47 and *r* = -0.241, *p* = 0.051, *N* = 47, respectively). Moreover, correlation analysis indeed revealed that a high efficiency of spermatogenesis (i.e. low ES/GC) and post-meiotic germ loss (i.e. low ES/RS ratio) were significantly associated with the VSL (*r* = -0.292, *p* = 0.023, *N* = 47 and *r* = -0.247, *p* = 0.047, *N* = 47, respectively; [Table 3](#pone.0139240.t003){ref-type="table"}). On the other hand, testis mass did not show any significant correlation with any epididymal sperm parameter (*p*\>0.05; [Table 3](#pone.0139240.t003){ref-type="table"}). We finally found that normal sperm morphology (PC2) was positively correlated with spermatogenic activity (Johnsen score: r = 0.387, *p* = 0.025, *N* = 26; [Fig 5](#pone.0139240.g005){ref-type="fig"}), whereas no significant correlation was found with the remaining parameters (all *p*\>0.05).

![Relationships between epididymal sperm function (PC1) and Sertoli cell number (A and B), spermatogenic activity (C), and sperm production (D) in red deer culled during the breeding season (●), the post-breeding season (○), and the non-breeding season (+).\
SC/TCS: Sertoli cell number per tubular cross-section; SEI: Sertoli cell index; SI: spermatic index.](pone.0139240.g004){#pone.0139240.g004}

![Relationship between epididymal sperm morphology (PC2) and spermatogenic activity (Johnsen score) in red deer culled during the breeding season (●), the post-breeding season (○), and the non-breeding season (+).](pone.0139240.g005){#pone.0139240.g005}

10.1371/journal.pone.0139240.t003

###### Correlations between testis mass, spermatogenic indices, and epididymal sperm parameters in red deer (*N* = 47).

![](pone.0139240.t003){#pone.0139240.t003g}

                                                         SMI                                                  VAP                                                  VCL                                                  VSL                                                  Viable sperm                                       Active mitochondria                                  Normal sperm
  ------------------------------------------------------ ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- -------------------------------------------------- ---------------------------------------------------- --------------------------------------------------
  Testis mass                                            0.17                                                 0.15                                                 0.11                                                 0.17                                                 0.03                                               0.07                                                 0.15
  Johnsen score [^§^](#t003fn002){ref-type="table-fn"}   **0.66** [\*\*\*](#t003fn007){ref-type="table-fn"}   **0.73** [\*\*\*](#t003fn007){ref-type="table-fn"}   **0.68** [\*\*\*](#t003fn007){ref-type="table-fn"}   **0.65** [\*\*\*](#t003fn007){ref-type="table-fn"}   **0.46** [\*\*](#t003fn006){ref-type="table-fn"}   **0.67** [\*\*\*](#t003fn007){ref-type="table-fn"}   **0.52** [\*\*](#t003fn006){ref-type="table-fn"}
  SC/TCS[^‡^](#t003fn003){ref-type="table-fn"}           **0.66** [\*\*](#t003fn006){ref-type="table-fn"}     **0.74** [\*\*](#t003fn006){ref-type="table-fn"}     **0.68** [\*\*](#t003fn006){ref-type="table-fn"}     **0.57** [\*](#t003fn005){ref-type="table-fn"}       **0.58** [\*](#t003fn005){ref-type="table-fn"}     **0.64** [\*\*](#t003fn006){ref-type="table-fn"}     0.25
  SEI                                                    0.20                                                 **0.37** [\*\*](#t003fn006){ref-type="table-fn"}     **0.27** [\*](#t003fn005){ref-type="table-fn"}       0.24                                                 0.20                                               **0.40** [\*\*](#t003fn006){ref-type="table-fn"}     -0.07
  SI                                                     **0.33** [\*](#t003fn005){ref-type="table-fn"}       **0.28** [\*](#t003fn005){ref-type="table-fn"}       **0.35** [\*\*](#t003fn006){ref-type="table-fn"}     0.22                                                 **0.45** [\*\*](#t003fn006){ref-type="table-fn"}   **0.36** [\*\*](#t003fn006){ref-type="table-fn"}     -0.07
  MI                                                     0.09                                                 0.12                                                 0.12                                                 0.06                                                 0.12                                               0.22                                                 -0.02
  ES/RS                                                  -0.19                                                -0.24                                                -0.24                                                **-0.25** [\*](#t003fn005){ref-type="table-fn"}      -0.15                                              -0.21                                                -0.02
  ES/GC                                                  **-0.25** [\*](#t003fn005){ref-type="table-fn"}      **-0.29** [\*](#t003fn005){ref-type="table-fn"}      **-0.31** [\*](#t003fn005){ref-type="table-fn"}      **-0.29** [\*](#t003fn005){ref-type="table-fn"}      **-0.24** [\*](#t003fn005){ref-type="table-fn"}    -0.24                                                -0.00
  RS/SC                                                  -0.02                                                -0.13                                                -0.06                                                -0.07                                                -0.11                                              -0.23                                                0.12

SC/TCS: Sertoli cell number per tubular cross-section; SEI: Sertoli cell index; SI: spermatic index; MI: meiotic index; ES/RS: ratio of elongated spermatids to round spermatids; ES/GC: ratio of elongated spermatids to total germ cells; RS/SC: ratio of round spermatids to Sertoli cells; SMI: sperm motility index; VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity.

^§^ *N* = 26.

^‡^ *N* = 15.

Significant correlations are shown in bold

\* *p*\<0.05

\*\* *p*\<0.01

\*\*\* *p*\<0.001.

Discussion {#sec013}
==========

To the best of our knowledge, this is the first report to show that the Sertoli cell number and spermatogenic competence covary with testis mass and sperm quality throughout different phases of gonadal activity in red deer. Our findings set the stage for the possibility that intraspecific variation in the components of spermatogenesis may contribute to the understanding of the variation in male reproductive fitness. Consistent with what was reported in other species (in bull: \[[@pone.0139240.ref039]\]; in stallion: \[[@pone.0139240.ref040]\]; in boar: \[[@pone.0139240.ref041]\]), our findings support that the Sertoli cell number is important in determining testis size and sperm production in red deer.

The Sertoli cell number varies between \[[@pone.0139240.ref042]\] and within species \[[@pone.0139240.ref041]\] and may explain, at least to some extent, the intra-specific variation of male reproductive traits \[[@pone.0139240.ref006]\].We indeed found that testis size varies considerably among red deer stags, as reported previously \[[@pone.0139240.ref022]--[@pone.0139240.ref024]\]. Our findings also reveal that the Sertoli cell number is positively associated with sperm parameters in red deer, supporting what was recently found by Rajak *et al*. \[[@pone.0139240.ref009]\] in bull. Therefore, changes in the Sertoli cell number not only affect the magnitude of sperm production \[[@pone.0139240.ref043]\], but also sperm function. Sertoli cells might be essential for several processes, but their clearest effect is on the elongation of spermatids and the formation of sperm tails \[[@pone.0139240.ref044]\]. As shown by *in vitro* studies, in the absence of Sertoli cells, spermatogenesis may progress to the early spermiogenesis stage, but round spermatids did not develop the flagellum \[[@pone.0139240.ref045]\]. This finding suggests that the Sertoli cells play a major role in the development of flagellum, which in turn influences sperm velocity \[[@pone.0139240.ref046]\], a major determinant of male fertilization success \[[@pone.0139240.ref018]\]. Male fertility has seldom been studied in natural populations because it has been assumed that strong selection would result in uniformly high values across males (reviewed by \[[@pone.0139240.ref047]\]). However, findings from natural populations of red deer have shown that stags differ markedly in their fertility and revealed a substantial degree of variation in several sperm traits \[[@pone.0139240.ref022], [@pone.0139240.ref047]\]. At least to some extent, such considerable variation may be explained by the Sertoli cell number, as the latter and fertilization success are both related with sperm kinetics in this species.

Although cell losses during spermiogenesis are considered minimal and not significant \[[@pone.0139240.ref042]\], we found that they significantly increase with testis size and even tend to be correlated with sperm function in red deer. High germ cell losses during the post-meiotic phase of spermatogenesis are characterised by a low ratio of elongated spermatids to round spermatids, which is associated with a high level of sperm competition in New World Blackbirds \[[@pone.0139240.ref013]\]. The expected ES/RS ratio is indeed theoretically 1 because spermiogenesis does not involve any further cellular division \[[@pone.0139240.ref048]\]. During mammalian spermatogenesis, more than half of the differentiating spermatogenic cells undergo apoptosis before they mature into spermatozoa and are phagocytosed by the Sertoli cells (reviewed by \[[@pone.0139240.ref049]\]). In felids, for instance, teratospermia (i.e. less than 40% of morphologically normal sperm in the ejaculate) is associated with low germ cell apoptosis and fewer Sertoli cells per tubular cross section \[[@pone.0139240.ref050], [@pone.0139240.ref051]\]. The Sertoli cell is phagocytotic and helps to remove spermatid cytoplasm through the tubulobulbar complexes and by phagocytosis of the residual bodies and degenerating germ cells \[[@pone.0139240.ref052]\]. It has been suggested that the phagocytic clearance of apoptotic spermatogenic cells is necessary for the progress of spermatogenesis, and thus for efficient sperm production \[[@pone.0139240.ref049]\], but it may also provide energy substrates to the Sertoli cells \[[@pone.0139240.ref053]\]. However, we have to bear in mind that the ES/GC and ES/RS indices only quantify the amount of germ cell losses without differentiating the mechanisms underlying such a phenomenon, which deserves further investigation. We have previously found that the ES/RS ratio is significantly lower during the breeding season, suggesting that highly selective spermiogenesis may reduce low-quality sperm in red deer \[[@pone.0139240.ref023]\]. Here, we provide evidence that a more selective spermatogenesis and spermiogenesis are significantly associated with the VSL, which is strongly associated with male fertility in red deer \[[@pone.0139240.ref018], [@pone.0139240.ref022]\].

Across the animal kingdom, male fertilisation ability is influenced by a set of sperm traits that, after controlling for sperm number, are often referred to as sperm quality \[[@pone.0139240.ref054]--[@pone.0139240.ref056]\]. In red deer, for instance, sperm kinetics (VAP, VCL, and VSL) and the percentage of normal sperm are positively associated with male fertility \[[@pone.0139240.ref018], [@pone.0139240.ref022]\]. In addition to these parameters, we decided to include in our analysis the sperm motility index, viability, and mitochondrial activity because of their potential implications on sperm function and fertilisation ability (e.g. \[[@pone.0139240.ref057]\]). Then, we performed a PCA to reduce the several sperm variables to a smaller subset that define sperm quality. Moreover, PCA reveals patterns in the data that could not be found by analyzing each variable separately \[[@pone.0139240.ref037]\]. Because sperm are costly to produce \[[@pone.0139240.ref058]--[@pone.0139240.ref060]\], theory predicts a trade-off between sperm traits occurring potentially as a consequence of either the partitioning of resources or genetic constraints (reviewed by \[[@pone.0139240.ref054]\]). On the other hand, sperm traits can evolve independently but in the same direction (reviewed by \[[@pone.0139240.ref061]\]), because they share the same goal and are the final product of an efficient spermatogenesis. In spite of some discrepancies in what sperm number and quality parameters are considered, our findings are consistent with inter- \[[@pone.0139240.ref014], [@pone.0139240.ref062], [@pone.0139240.ref063]\] and intra-specific \[[@pone.0139240.ref009], [@pone.0139240.ref022], [@pone.0139240.ref064]\] studies supporting that sperm quantity and quality are correlated with one another most likely to maximise sperm fertilisation efficiency in red deer.

Testicular functions are often based on semen analysis despite the fact that the quality of the ejaculate is the result not only of the functionality of the testicular glands, but also of the epididymal and accessory glands \[[@pone.0139240.ref065]\]. The effects of seminal fluids may indeed affect sperm quality and thereby the outcome of sperm competition (e.g. \[[@pone.0139240.ref066]\]). Moreover, epididymal sperm are functionally mature and potentially able to fertilize eggs when inseminated into the female tract \[[@pone.0139240.ref067]\]. In this way, the analysis of epididymal sperm allows for the elimination of any confounding effects related to accessory gland secretion. Another factor to take into account is that the duration of spermatogenesis varies considerably among species \[[@pone.0139240.ref068]\], but it is constant within any of them \[[@pone.0139240.ref001], [@pone.0139240.ref065]\], controlled by germ cell genotype and unaffected by natural phenomena or experimental manipulation \[[@pone.0139240.ref069]\]. Given that spermatogenesis in mammals usually lasts between 30 and 75 days (e.g. \[[@pone.0139240.ref065]\]) and that epididymal transit takes 1 or 2 weeks in most species \[[@pone.0139240.ref070]\], the same time lag was likely to occur between sperm production and collection in all of the samples analysed in the present study. Moreover, the biological shift from growth and differentiation of germ cells to cell death occurs during testicular regression \[[@pone.0139240.ref071]\], and makes this step of testicular development suitable to establish the links between spermatogenic competence and sperm output. Nevertheless, further investigations need to be extended throughout the whole reproductive cycle including hormonal assessment (e.g. FSH, inhibin B, and testosterone), which may provide further insights into the underlying mechanisms that regulate Sertoli cell function and spermatogenic efficiency.

In conclusion, we have shown here the strength of association between the competence of spermatogenesis and sperm traits in red deer. Although our results need to be considered with some caution because of the lack of the hormonal evaluation and the restricted time lapse considered, we found that not only does the Sertoli cell number affect testis size and sperm output, but also sperm function. The number of spermatozoa produced and their functionality were also positively correlated most likely to optimise male fertilisation ability in red deer. Our findings contribute to the understanding of the dynamics of spermatogenesis in a seasonal breeding mammal, and reveal new insights into the role of testicular function and Sertoli cell number on sperm quantity and quality.
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###### Relationships between testis mass and Sertoli cell number (Figures A and B), spermatogenic activity (Figure C), and post-meiotic germ loss (Figure D) in red deer culled during the breeding season (●), the post-breeding season (○), and the non-breeding season (+).

SC/TCS: Sertoli cell number per tubular cross-section; SEI: Sertoli cell index; ES/RS: ratio of elongated spermatids to round spermatids.
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Click here for additional data file.

###### Relationship between the Sertoli cell number per tubular cross-section and sperm production in red deer culled during the breeding season (●), the post-breeding season (○), and the non-breeding season (+).

SI: spermatic index; SC/TCS: Sertoli cell number per tubular cross-section.

(EPS)
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Click here for additional data file.

###### Dataset.

Testicular and sperm parameters in red deer.

(XLS)

###### 

Click here for additional data file.

###### Comparison of testicular parameters between the right and left testis.

SC/TCS: Sertoli cell number per tubular cross-section; SEI: Sertoli cell index; SI: spermatic index; MI: meiotic index; ES/RS: ratio of elongated spermatids to round spermatids; ES/GC: ratio of elongated spermatids to total germ cells; RS/SC: ratio of round spermatids to Sertoli cells. Data are shown as the mean±SD.

(DOCX)

###### 

Click here for additional data file.

###### Coefficients of variation of testis mass, spermatogenic competence, and epididymal sperm parameters in red deer throughout different reproductive phases.

BS: Breeding season; PB: Post-Breeding season; NB: Non-Breeding season; SC/TCS: Sertoli cell number per tubular cross-section; SEI: Sertoli cell index; SI: spermatic index; MI: meiotic index; ES/RS: ratio of elongated spermatids to round spermatids; ES/GC: ratio of elongated spermatids to total germ cells; RS/SC: ratio of round spermatids to Sertoli cells; SMI: sperm motility index; VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity. ^§^ *N* = 26: in the BS group *n* = 11, in the PB group *n* = 7, and in the NB group *n* = 8, respectively. ^‡^ *N* = 15: in the BS group *n* = 5, in the PB group *n* = 3, and in the NB group *n* = 7, respectively. Coefficients of variation are shown as a percentage (%).

(DOCX)

###### 

Click here for additional data file.

###### Testis mass, spermatogenic indices, and epididymal sperm parameters in red deer across different reproductive phases.

BS: Breeding season; PB: Post-Breeding season; NB: Non-Breeding season; SC/TCS: Sertoli cell number per tubular cross-section; SEI: Sertoli cell index; SI: spermatic index; MI: meiotic index; ES/RS: ratio of elongated spermatids to round spermatids; ES/GC: ratio of elongated spermatids to total germ cells; RS/SC: ratio of round spermatids to Sertoli cells; SMI: sperm motility index; VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity. ^§^ *N* = 26: in the BS group *n* = 11, in the PB group *n* = 7, and in the NB group *n* = 8, respectively. ^‡^ *N* = 15: in the BS group *n* = 5, in the PB group *n* = 3, and in the NB group *n* = 7, respectively. Data are shown as the mean±SD. Different superscripts within the same row are statistically different (*p*\<0.05).

(DOCX)

###### 

Click here for additional data file.
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